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Introduction
The installation of offshore wind farms in European waters and the scale of the planned activity have led to concern over the generation of noise and its potential impact on marine life. Much of this concern is centered around the noise generated by pile driving, which is used for the installation of the turbine foundations, and its potential impact on marine life (Thomsen et al. 2006 ). The noise generated by pile driving has the potential to cause injury, induce temporary or permanent hearing loss, and evoke avoidance reactions. One injury criterion for marine mammals is defined as the onset of auditory permanent threshold shift (PTS) (Southall et al. 2007) , which is governed by either an instantaneous peak pressure or an integrated sound exposure level. The latter is the total noise energy to which the mammal is exposed during a given duration that, for a pile-driving source, would be either the duration of the piling or the time over which the mammal is in auditory range and is known as sound exposure level (SEL). In this case, cumulative exposure can be a useful parameter. This paper considers a summation of the SELs to which the animal is exposed during the entire piling sequence.
Fleeing Animal Model
The levels at the receptor (unweighted received levels for a single hammer strike; SEL 0 ) used in this paper are based on the predictions calculated from a typical piling sequence measured in UK coastal waters. This allows the calculated cumulative exposures to be compared with the thresholds obtained from the literature, e.g., from the criteria published by Southall et al. (2007) . To do this, a trajectory is chosen for each animal whereby the animal swims away (fleeing) from the source in a straight line at constant speed, heading, and depth. To calculate the cumulative SEL (SEL cum ), the energy received level is calculated for each individual hammer strike (Madsen 2005 ) and the animal's potential position at that time is then summed over the entire piling sequence. In this case, the total piling sequence took around 2 h 20 min with an ~8-dB increase in received level from the start to the maximum observed SEL 0 received level of ~155 dB re 1 μPa 2 -s about two-thirds of the way through the sequence. Using range-dependent modeling and taking into account bottom bathymetry, the transmission loss on a bearing from the source at various ranges can then be estimated. Figure 2 shows an estimate of received level at a specific depth for a given source level as a two-dimensional profile around a source. Using this approach and the source variation data taken from Figure 1 , the likely received level at the animal can be estimated for each hammer strike at any range and bearing from the pile location.
Cumulative Exposure Calculated for Marine Piling
Using the methodology described in Section 2, the fleeing mammal model has been used to calculate the cumulative exposure assuming a number of conditions. Figure 3 shows an example estimate of the unweighted SEL cum for a maximum energy source level of 210 dB re 1 μPa 2 ·s·m 2 (Ainslie, de Jong, Robinson, and Lepper, this volume) for the sequence given in Figure 1 , a specific start distance from the source in this example of 100 m and an animal swim speed of 1.5 m s 1 . Fig. 3 . Individual strike source level, unweighted received level SEL 0 , and cumulative exposure at receptor SEL cum for a given piling sequence. Receptor was assumed to start 100 m from the source and swim away at a constant speed of 1.5 m s
1
.
Using the sequence time and amplitude data, the variation in source level for each hammer strike was calculated as representing the changes in source levels seen over time (soft start) or gaps (slow start) in specific piling sequences (shown as the upper trace -black dots, figure 3 ). The individual SEL 0 received level (lower trace -blue dots, Fig. 3) at the animal is then estimated for an animal swimming away from the source. The total exposure for each successive strike (middle trace, red dots, Fig. 3 ) was then added to give the total cumulative exposure for the entire piling sequence. This figure can then be compared with the known impact criteria threshold for cumulative exposure.
Impact Zone Prediction
The range from a source at which an animal starts, remains, or transects through and the area allowing an exposure in excess of predefined impact criteria often form the basis of impact assessments. In the case of a fleeing animal, the total cumulative exposure can be estimated for a given piling sequence on a known transect and start position. These models are then used to find a start range outside which the total exposure is kept below a predefined threshold. Figure 4 shows the effect of start range on totalSEL cum (weighted and unweighted) for the piling sequence example shown in Figure 1 , with a maximum example source level of 210 dB re 1 μPa 2 ·s·m 2 and a swim speed of 1.5 ms 1 applied to frequency-weighted functional hearing groups for marine mammals in both static and fleeing animal models as outlined by Southall et al. (2007) . In this case, the difference in the static and fleeing animal models shows a marked increase in minimum start range to avoid exposure.
Conclusions
Both the fleeing and static model methods have been used to calculate the cumulative exposure/SEL cum for a typical piling event during the installation of a wind turbine monopile in shallow water. The actual sequence timing, number of hammer strikes, and variation in source level and shallow-water propagation loss properties are considered. Example total exposures for functional hearing groups proposed by Southall et al. (2007) are given for each functional hearing group. This approach has also been applied to model variation in total source level (use of barrier methods) and effectiveness of soft start as an aid to development of mitigation strategies of various marine operations. 
